dense part is usually less than 1 m thick. Typical release volumes vary from 100 to 10,000 m 3 and maximum front speeds can reach 30-40 m/s (Meunier et al., 2004) . Dry snow avalanches released in early winter generally exhibit a density of 80 to 160 kg/m 3 in the starting zone and between 300 and 350 kg/m 3 in the deposition area. The overall track lengths are 600 and 700 m for paths no. 1 and no. 2, respectively. Path no. 2, the longest, extends from 2415 down to 2030 m a.s.l. The average slope angle is 37°, reaching 40°in the starting zones. Below these very steep release zones, the flows are well channeled in steep-sided tracks. Avalanches generally develop their maximal velocity at these locations and this is where the measurement structures have been set up. For both paths, the common runout zone is a large and natural open slope of nearly 29°. From the historical database of almost 50 avalanche release operations, 90% of the avalanches (90th percentile) have a runout distance (projected length) of less than 368 m for path no. 1 and less than 488 m for path no. 2 (Meunier et al., 2004) . For both avalanche paths, this corresponds to a runout base elevation of 2100 m a.s.l. (Fig. 1) . The 50th percentile is at about 2136 m a.s.l. with runout distances of 280 and 415 m for paths no. 1 and no. 2, respectively.
As opposed to others full-scale avalanche test sites in Europe, such as Vallée de la Sionne operated by SLF in Switzerland (Ammann, 1999; Dufour et al., 2004) and Ryggfonn operated by NGI in Norway (Gauer et al., 2007a; Lied et al., 2004) , the runout at Lautaret is a natural open slope. The Ryggfonn runout ends at an artificial dam and that of Vallée de la Sionne ends with an inverse slope. Compared to the recently instrumented Italian test site at Seehore , Lautaret is larger, with runout distances nearly twice as long, representing an intermediate length between Seehore and la Sionne. The morphological characteristics of Lautaret and Seehore are however very similar regarding slope and the regular runout zone. A practical consequence of this small to medium size (a typical volume less than 1000 m 3 ) is that snow deposited on the instrumented structures by avalanches can be easily cleared off and structures are rapidly operational for the next avalanche release. These conditions make this site of particular interest for experiments involving avalanche impacts on structures as performed on path no. 1 (see Section 4).
General equipment and instrumentation

Shelter and data acquisition
A reinforced-concrete shelter for operators and data acquisition is located between the two main avalanche paths no. 1 and no. 2 (Fig. 2) which are separated by around 60 m. The shelter houses the data acquisition equipment. Acquisition operations must be controlled manually. It is therefore not possible to retrieve measurements form natural avalanches as at Vallée de la Sionne (Ammann, 1999 ). The acquisition system is based on a PXI platform from National Instrument Corporation. We use a combination of modular SCXI and PXI hardware. A general schematic of the measurement system is presented in Fig. 3 . Two types of acquisition cards for analog-to-digital conversion are used: PXI-4472 for the lowest sampling rate (24 bits, 3 kHz) channels (pressure, acceleration, deformation, displacement) and PXI-6250 for the highest sampling rate (12 bits, 60 kHz) channels (velocity). Special signal conditioners are used for strain/bridge based sensors (SCXI-1520) and the piezoelectric accelerometer (SCXI-1530) . Power for sensors is both supplied internally by SCXI conditioners and externally by a DC linear regulated power supply. Data acquisition and control is driven from an external PC with dedicated software. Data is stored on solid state drive.
Release systems and snow characterization
Avalanches are currently released manually on path no. 1 by 2 operators with electrically triggered explosive (Sofranex). On path no. 2, they are released by a Gazex radio remote system. This employs a gas explosive tube using a mixture of propane and industrial oxygen. The exploder is connected to a central gas shelter that is controlled remotely by radio transceivers. Information on the physical properties of the snow involved in the avalanche is obtained from snow-pits dug by Letters (a) and (b) refer to locations where avalanche path no. 2 crosses Galibier road. The elevation and slope profiles of both paths are also reported. Average slopes for both avalanche paths are indicated for the starting/accelerating and runout zones, i.e., on either side of the road at (a). Vertical dashed lines are the lowest runout elevations for 50 and 90% of artificially released avalanches, respectively. hand close to the release zone. The information includes snow density, temperature, hardness as well as grain types and characteristic size. Atmospheric conditions are monitored by a weather station that records half-hourly averages of air temperature and specific humidity. An overall view of the locations of the measurement and technical infrastructures is mapped in Fig. 4 .
Instrumentation dedicated to avalanche dynamics
Pressure and velocity measurements
Avalanche dynamics are specifically studied in the largest avalanche path (path no. 2). A 3.5 m high steel tripod is set up in this path at the end of its steepest part (around 2100 m) where avalanches are expected to reach their maximal velocity (Fig. 5) . At this location, pressure and velocity are measured vertically within the flow depth.
Pressure and flow depth measurements
Pressure is measured using full-bridge strain gage based load cells (MGP FM3000). These sensors have been slightly modified from the commercial units to reinforce protection of the wires and control the specially-machined 110 mm diameter circular stainless steel plates used for pressure sensing. The full-scale force measurement range of the strain gages is 50 kN, providing a full-range pressure measurement up to 5260 kPa. The sensors are set up on the uphill-facing side of the tripod and distributed perpendicularly with respect to the main flow each 25 cm (Fig. 5) . The dynamic resolution is as low as 0.0013 kPa thanks to the 24 bit digital resolution. The pressure measurement error is estimated at ±0.47 kPa and is mainly caused by mechanical vibrations of the tripod during the avalanche flow. As a comparison, the typical pressure caused by an avalanche flow is around a few hundred of kPa. Fig. 6 is a typical time plot of the pressure measured along the vertical profile of the flow for an avalanche released in 2009.
To measure the flow height, special pressure sensors are set up on the side of the tripod at 20 cm intervals. They consist of stainless steel plates (L = 15 cm long, e = 1.2 cm thick and 2 cm wide) equipped with strain gages to measure deformation. Deformation signals are converted into pressure values used to detect if the load is due to the dense part of the flow at the threshold of 3 kPa. The sensors are based on the same principle used for the pressure sensors at Vallée de la Sionne (Baroudi et al., 2011) . Here, we use plates of smaller length and width so that the first eigenfrequency is higher (420 compared to 390 Hz at Vallée de la Sionne). The flat frequency response therefore led us to consider a simple static bending mode over the limited 0-100 Hz Fig. 3 . Schematic of measurements and data acquisition performed within the flow for the 2 avalanche paths, from sensors to data storage. Analog-to-digital conversion is performed by PXI-4472 (24 bits) and PXI-6250 (12 bits) modules. Analog signals conditioned by SCXI modules are multiplexed by the SCXI-1000 platform before digital conversion by the PXI-4472.
bandwidth. Higher frequencies are eliminated by a low-pass Butterworth filter. This eliminates the need for the inverse analysis developed for the Valleé de la Sionne sensors to retrieve the pressure signal from the deformation of the plate. The pressure, P, is therefore calculated from the deformation, ε, by the direct relationship (see Berthet-Rambaud et al., 2008; Eq. (4) therein):
where E is the Young's modulus (193 GPa, 304 L grade stainless steel), e and L are the plate width and length, respectively, and l denotes the distance from the embedding location where the deformation is measured by the strain gage.
Velocity measurements
Velocity is measured using the correlation of time-lagged optical signals. This technique was initially developed by Nishimura et al. (1993) and Dent et al. (1998) , and is now routinely used at the Vallée De La Sionne (VDLS) avalanche test site (Kern et al., 2009 (Kern et al., , 2010 . These velocity sensors are a typical example of sensors specially developed for avalanche science as no equivalent is available commercially. Their design is based on the assumption that snow grains and grain aggregates do not significantly deform during travel over a distance of a few centimeters. In this case, the optical backscattering of grains and aggregates measured by two infrared sensors at a distance d along the main flow remain correlated with a certain time-lag τ. The velocity v of the passing flow is then estimated as v = d / τ. At Lautaret, we set d = 0.0076 m, one-fourth of the flow-wise spacing used at Vallée de la Sionne where larger velocities are observed.
Sensors are mounted in wedge-shaped steel blocks designed to deflect the flow upwards and downwards by a mean angle of 15°( Fig. 5 ). This ensures proper contact between the flow and the surface of the sensor by avoiding the formation of an air pocket between them. On path no. 1, two sensors are set on the wall-like obstacle pressure sensor and extend outwards into the flow (see Section 4). On path no. 2, velocity sensors are located every 12.5 cm along the tripod to measure the velocity within the depth of the flow (Fig. 5 ). Our optical velocity sensors were first improved and adapted at laboratoryscale with granular materials and in snow-chutes (Bouchet et al., 2003; Rognon et al., 2008) . This represents a significant step forward from the first Lautaret studies in which avalanche velocities were roughly estimated from video recordings at the free-surface of the avalanche flow (e.g., Baroudi and Thibert, 2009 ). The time lag τ is determined by analyzing the correlation between the backscattered signals BS up and BS do captured by the uphill and downhill sensors. To compute the time lag τ (t) at time t, we assume the time lag to be constant over a time frame of width w. Over the interval [t − w / 2; t + w / 2], the time lag is the value which maximizes the correlation integral CI defined as:
In practice, we often use a constant width w for an integration interval of about 0.1 s (Fig. 7) . Increasing w decreases the velocity time resolution but increases the robustness and accuracy of the method. On the contrary, a smaller value of w makes it possible to capture rapid changes in the velocity, but decreases the robustness of the approach. As shown in Fig. 7 , the computed flow velocity is not very sensitive to the adopted w value. It appears also that too short a time integration interval (w = 0.07 s) cannot capture the correlation like the 0.1 s time integration interval does at the end of the avalanche (5 s b t b 7 s). Therefore, the value of w needs to be adjusted depending on the time fluctuations of the velocity signal. This is done with a series of integrations performed with an incremental dichotomic division of w. This scheme is used to investigate large to small integration time frames and cover long time trends up to high frequency variations of the velocity signal.
Positioning the avalanche front from photogrammetry
Avalanche fronts on path no. 2 are measured using a high rate photogrammetric system that was developed specifically (Soruco et al., 2011) . Positioning avalanches in time can significantly constrain flow simulation from Saint-Venant models, accounting for basal friction along the track and improving our understanding of basal friction processes .
Terrestrial photogrammetry is the only method capable of instantaneously producing a Digital Elevation Model (DEM) during avalanche flow. Alternative techniques, such as laser scanning, require a long acquisition time that prevents their use to retrieve DEMs during the avalanche flow, although they can be used before and after avalanche triggering to derive snow mass transfer (Bartelt et al., 2012; Maggioni et al., 2013; Prokop, 2008; Sailer et al., 2008) . Recent advances in commercially available digital cameras make it possible to acquire up to 4-8 frames per second with high resolution quality. Using numerical reflex Nikon D2Xs cameras (23.7 × 15.7 mm DX format CMOS sensor) with Nikon 85 mm f/1.4 AF fixed focal lenses, the overall avalanche path no. 2 can be measured with one stereoscopic pair of images. As opposed to Vallet et al. (2001) , who used light aerial photogrammetric cameras (Linhof Aerotechnika and Tomtecs HIEI SEII-α) for avalanche mapping at Vallée de la Sionne, and Vallet et al. (2004) who used two professional digital Camcorder (Sony DSR-PD150-P) to track the surface of powder snow avalanches, we used here a low-cost nonmetric imagery system. An advanced calibration is therefore required to define a camera model accounting for the radial distortion of the lenses, the decentration of the principal point (principal point shift) and the exact focal length of the lenses for correct scaling of the images (Faig et al., 1990) .
Calibration was performed in situ at Lautaret in one operation with an extensive network of 25 ground control points spread over the southeast slope of Chaillol Mountain. Point coordinates were measured using geodetic differential GPS (global positioning system). The camera model and image orientation process were defined using ORIMA software (LeicaGeosystem). Distortion was modeled according to the ISPRS formulation (Gómez-Lahoz et al., 2003) which reads:
where dr denotes the radial distance between any image point and its ideal radius r, a 1 , a 2 and a 3 are polynomial coefficients and r 0 is the radial shift of the principal point which is related to its (x 0 , y 0 ) image Cartesian coordinate system by:
Results of the camera calibration are reported in Table 1 and Fig. 8 plots the radial distortion in the image coordinate system. We found a slight negative barrel distortion reaching 10 μm (1.8 pixel) at corners, which is unusual for long focal length lenses but very low (−0.02% at image corner) considering this non-metric device. For correct scaling of the images, we account for the exact focal length (85.51 mm). The radial shift of the perspective center (80 μm i.e., 15 pixels) is a nonnegligible decentration and must also be taken into account in the camera model. This camera model was locked and considered afterward as invariable in the image acquisition, orientation and restitution steps performed for the avalanche experiments.
The photogrammetric method involves 2 mains steps: image orientation and photogrammetric restitution (stereo plotting). They are performed using ARCGIS and ERDAS Stereo Analyst software, respectively. For the triangulation step, we routinely use fewer control points than for calibration, typically between 10 and 16, depending on snow cover conditions. The orientation residual on ground control points in XYZ is around 10 cm, so that a positioning error for resituated points is expected to be less than 25 cm as estimated using the approach presented by Thibert et al. (2008a) . The last step of the photogrammetric method is the measurement of three-dimensional coordinates on the photographs. In our case, we perform stereo plotting manually to increase the accuracy because different pixel scales over each photograph due to the oblique sighting tend to corrupt automatic stereo-correlation.
For validation purposes, we compared some photogrammetric measurements on a 100 m 2 surface of a rocky area on the top of path no. 2 to helicopter-borne laser scanning data collected in summer 2006. The number of resituated points was adapted to match the laser scanner point density (10-20/m 2 ). We obtained very consistent results: no systematic bias is observed in the differences between the surface elevations obtained from the two digital elevation models and the standard deviation is 0.11 m. Fig. 9 displays the obtained digital elevation model differences, showing that the elevation differences are centered and randomly distributed. We also compared the runout position of several avalanches determined with the photogrammetric system to their positions measured with geodetic differential GPS and a total station (tachometer). Measurements were again found to be consistent with discrepancies not exceeding 0.15 m. Both these comparisons provide Fig. 9 . Comparison between digital elevation models from photogrammetry and laser scanning on a test area. Top: rocky area on the top of path no. 2 use to compare elevation models. Bottom: differences in elevation models: no systematic bias is detected (the average elevation difference is 0) and the standard deviation is 0.11 m.
relative error estimates in the range of 0.10-0.15 m which makes us confident that avalanche front positioning during the flow is accurate.
During avalanche release, the cameras are synchronized with wires to the master clock of a Campbell CR3000 micro-logger. This provides a trigger rate with a precision of 5.7 × 10 −6 s. The synchronization error between the cameras has been measured to be around 1-2 × 10 −3 s with this triggering system. For an avalanche with a velocity of 10 m/s, we therefore estimate the synchronization to affect the positioning by a few centimeters. Fig. 10 is an illustration of the successive positions of the avalanche released on 13 February 2013 as captured by this photogrammetric method. For the small to medium avalanches often released at Lautaret, the powder cloud is generally limited in size and does not affect the front sighting and plotting on images. Moreover, for safety reasons, we always trigger avalanches under sunny and most of the time clear sky conditions, thereby favoring high contrast on images.
Powder cloud characterization
New devices have been set up over the last 2 years to investigate the internal structure of the powder part of avalanches released on path no. 2. This research has involved specific collaboration with Nagoya University (Japan). An ultrasonic anemometer (Kaijo TR-61B with a DA-600 signal conditioner) and a Snow Particle Counter (SPC-S7 from Niigata Electric) have been fitted on top of the tripod. The ultrasonic anemometer measures the three-dimensional wind direction and speed in the powder cloud. The wind speed vector is expressed as a down slope component (in the plane parallel to the snow cover at the tripod location) and a vertical component (perpendicular to the slope). The SPC output usually shows the number of particles and particle diameter at each second for mass flux calculation in the blowing snow. However, the diameter and velocity of the snow particles can also be calculated from the highfrequency recorded data of SPC raw signals (60,060 Hz). We routinely consider that the particle concentration in the powder cloud does not affect too much the speed of the sound used to measure the wind velocity from the ultrasonic anemometer. As an illustration, from the measurements performed for the avalanche released on the 10 April 2013, the typical powder density derived from the mass flux and wind speed was about 0.06 kg/m 3 . The air density (1.01 kg/m 3 at 2000 m a.s.l. for dry air at 0°C) is therefore increased by 6% due to ice particles. The speed of sound which is proportional to the inverse of the square root of the air density is then just decreased by about 3%. Because the wind speed and particle diameter play a crucial role in powder cloud development, these data reveal the evolution of the powder cloud. Fig. 11 plots the data collected for an avalanche released on 10 April 2013. The first results have been analyzed in Ito et al. (2013) .
Initial released volume and mass balance
The released volume sets the initial mass condition for simulating avalanche flow (Sovilla et al., 2007) . Another mass input to account for is the entrainment of snow along the track (Eglit and Demidov, 2005; Sovilla and Bartelt, 2002) . These mass transfers are quantified from digital elevation models of the snow surface obtained from terrestrial laser scans carried out before and after triggering. This measurement was developed through collaboration with BOKU (Austria). The laser used is the Riegl-321 terrestrial laser scanner operating with a wavelength of 900 nm, which is suitable for snow surfaces (Prokop, 2008) . In order to detect changes in the snow surface resulting from the avalanche, two successive scans of the avalanche path are carried out, one prior and one after the avalanche release. Data is post-processed (co-registration, filtering, and change detection) using the method reported by Prokop and Panholzer (2009) . A detailed description of a laser scanning survey is given by Prokop et al. (2015) . Fig. 12 shows elevation changes for the avalanche released on path no. 2 on 13 February 2013. This is obtained from the digital elevation model difference and maps the transfer of snow volumes. The release and runout zones are clearly identifiable as well as the erosion process in the upper part of the avalanche track. For the small to medium avalanches often released at Lautaret, entrainment is an important component of mass input.
Regarding error estimates on volumes quantified with the laser scanner, for a single point, the standard deviation in coordinates, σ xyz , is estimated to be within the range of 0.04-0.1 m. An average of N = 100 points are generally used to define release areas S within the range of 500-1000 m 2 . This results in a volume uncertainty given by:
i.e., within the range of 10 to 30 m 3 . This is an acceptable error as it represents a relative error of around 10% for the smallest released volumes of a few 100 m 3 of snow. The remote positioning techniques used routinely at Lautaret (photogrammetry, laser scanning) have been validated with direct field total station positioning and geodetic differential global positioning (DGPS). We found very consistent results when plotting the runout of the avalanches from the photogrammetric restitutions, the runout derived from the digital elevation model subtraction obtained from the laser scanner and a direct field survey conducted with DGPS and total station measurements. All measurements were consistent to within ±10-15 cm. An example of comparison between photogrammetry, laser scanning and total station measurements is detailed in Prokop et al. (2015) .
Impact pressure and flow obstacle interaction
Path no. 1, shorter than path no. 2, generally produces medium-size avalanches, making this track of particular interest for experiments on structures, impact pressure and interaction with the flow (vertical and lateral flow deviation and snow deposits around the obstacle). This research has been carried out for nearly ten years with INSA-Lyon (LGCIE research unit) and Aalto University in Finland (Department of Civil and Structural Engineering), as reported for example by Berthet-Rambaud et al. (2008) as well as Thibert and Baroudi (2010) . (1) and (2) where the mean released height is 0.12 m. Significant erosion occurs on the avalanche path (3). Deposition occurs from the road at a down to 2130 m (4). 
The structure and its deformation
The instrumented structure is a one square-meter plate facing the avalanche, supported by a 3.5 m high steel cantilever beam fixed in a strong concrete foundation (Fig. 13) . The plate can be moved along the beam to be located exactly at the surface of the initial snow-cover prior to avalanche release. It represents a large obstacle in comparison to the flow height and therefore integrates the effects of flow heterogeneities. Strains are measured at the bottom of the beam with precision strain gages placed in the maximum bending moment area. The sampling rate for data acquisition is set at 3000 Hz to record dynamic effects. Signals are filtered with a cut-off frequency of 1000 Hz to avoid spectral aliasing.
The structure was designed to deform elastically during avalanche loading. Based on an avalanche sample scenario from Meunier et al. (2004) , with a velocity of 30 m/s and a density of 250 kg/m 3 , and using a drag coefficient of 2 (Salm et al., 1990) , the impact pressure is expected to reach 100 kPa. For standard structural steel (S235, JRG2) with an elastic limit of 235 N/mm 2 and Young's modulus E = 210 GPa, and using an HEB beam (HEB-240) with a width of l = 0.24 m and a moment of inertia of I = 1.29 × 10 −4 m 4 , this pressure applied on the 1 m 2 plate set at the maximum height of L p = 2.5 m above the foundation induces a deformation of (Baroudi and Thibert, 2009) :
yielding ε = 1.05 × 10 −3 m/m which is just slightly lower than the elastic limit of 1.12 × 10 −3 m/m. To avoid any plastic damage of the beam, its free end is designed to abut a concrete block located 0.019 m behind the beam (Fig. 13) .
The expected mechanical deviation, δ, at the free end of the beam can be estimated according to Timoshenko and Young (1956) 
which gives 1.9 cm at the elastic limit if the plate is located 2.5 m from the top of the beam. The abut force is measured by a 200 kN load cell (Honeywell-Sensotec® type 43) to record the pressure in the event of such overloads.
Pressure reconstruction
The inverse analysis procedure is developed using dynamic strain measurements performed at the bottom of the structure. The avalanche action is assumed to be uniformly distributed over the plate. No avalanche force is assumed to act directly on the beam which is designed to remain elastic during avalanche loading, perfectly clamped at one end and free elsewhere. The equations of motion are those of structural dynamics (Gerardin and Rixen, 1994) and an Euler-Bernoulli beam model is used.
The direct problem consists in evaluating the strain history from the loading, boundary and initial conditions. Using the Euler-Bernoulli beam model, the direct problem is first solved by assuming that the impacting force acts at a specific point. As described by Meirovitch (1986) , this formulation is equivalent to solving a first-order Fredholm integral equation:
where ε i is the strain history measured at a point x i (gage locations), f j the impact load at x j (center of the plate) and h ij the transfer function between excitation and measurement points. The transfer function or its equivalent Frequency Response Function (FRF) in the frequency domain ĥ(ω), where ω is the angular frequency, is known once the mechanical model of the structure including its boundary conditions has been set (Fig. 14) . The FRFs can be also directly measured from impact hammer tests or calculated from numerical finite element computations (Thibert et al., 2008b) . As explained in that paper, we use the analytical Euler-Bernoulli beam model, in good agreement with the two other possible FRF calculation methods. The reconstructed avalanche load is obtained from the solution of the inverse problem given by the regularized deconvolution formula:
where the symbol "^"denotes Fourier transform functions of the angular frequency variable ω and Φ is the regularization low pass filter. Given that the FRF can have very small amplitudes and that the measured signal ε i (t) is polluted by noise, the direct deconvolution of Eq. (9) without regularization (Φ = 1) can render the inverse problem unstable (Tikhonov and Arsenin, 1977) . It is therefore necessary to determine the optimal level of regularization, striking a balance between stability and accuracy. This optimal level is achieved using the Morozov discrepancy principle, as explained in our previous studies (Baroudi and Thibert, 2009) . From that Thibert et al., 2008a,b) . The pressure at ±3σ is estimated from Baroudi and Thibert (2009). paper, it was estimated that pressure is reconstructed to within a relative error of 10%. Fig. 15 plots a reconstructed pressure signal for an avalanche released on 15 February 2007. In our measurement device is based on a principle close to that more recently developed at the Seehore test-site as it measures the overall pressure on a wall-like obstacle. The technical aspects however differ, as the Italian structure is a multi-element structure with several load cells providing signals that must be summed to get the total pressure.
In order to obtain complementary pressure measurements in avalanche path no. 1 with sensor area comparable to those used in path no. 2, and compare these measurements with the overall pressure obtained by the plate and beam structure-sensor, four cantilever sensors (0.0125 m 2 ) where set up flush on both sides of the plate and located 0.15, 0.35, 0.60 and 0.85 m vertically above the bottom (Fig. 13) . We used strain-gage cantilever sensors derived from those used in Vallée de La Sionne (Baroudi et al., 2011) , but smaller in thickness (1 cm against 3 cm) to adjust to the encountered lower loads at Lautaret. Under this geometric condition, the first eigenfrequency of the cantilever is 131 Hz (against 390 Hz at Vallée de la Sionne). Pressure is also reconstructed from an inverse analysis of the recorded deformation, and a regularization frequency in the range of 200-250 Hz is generally used to achieve the Morozov discrepancy principle.
A comparison of these two types of measurements, from small surface sensors and the 1 m 2 plate is plotted in Fig. 16 for the avalanche released on 15 February 2007. The comparison shows that the cantilevers produce higher values in terms of variability and mean values of impact pressure than the 1 m 2 plate. In average, the 4 cantilever signals overpass the plate pressure signal by a ratio within the range of 1.6 to 2.9. This effect has also been reported in an analysis of Sovilla et al. (2014) with an analogous ratio for dry-snow avalanches released at Vallée de la Sionne. This result also confirming the preliminary findings of Baroudi et al. (2011) regarding the effect of the shape and size of the sensor on the impact pressure measured in wet-snow avalanches.
Velocity measurements are also performed on path no. 1 using the same measurement principle as that used for the sensors set up on the tripod on path no. 2. Optical velocity sensors are placed flush on the sides of the plate, extending outwards into the flow. They are located 0.35 and 0.65 m vertically above the bottom of the plate (Fig. 13 ). Sensors are mounted in wedge-shaped steel blocks designed to deflect the flow upwards and downwards by a mean angle of 15° (Fig. 5 ). This ensures proper contact between the flow and the surface of the sensor by avoiding the formation of an air pocket between them. Fig. 7 shows the plot of the velocity signals obtained for an avalanche released on 18 March 2011.
These pressure signals combined with the velocity measurements provide essential full-scale data to estimate the impact pressure of an avalanche on this plate-like obstacle. Effort should be made in the future to set up height sensors in avalanche path no. 1 in the vicinity of the plate-like obstacle. This impact pressure depends on the free pressure of the avalanche flow and on the obstacle drag coefficient. It is a function of the velocity of the avalanches but presents a complex dependence according to the relative contribution of the inertial and gravitational flow regimes (Thibert et al., 2013b; Baroudi and Thibert, 2009; Faug et al., 2010; Gauer et al., 2007a; Naaim et al., 2008; Sovilla et al., 2008a Sovilla et al., , b, 2010 .
Intended further developments and conclusions
Over the last 10 years, major efforts have been made to update and develop instrumentation systems at the French full-scale avalanche test site at Lautaret Pass. Thanks to an international partnership, extensive data can be provided today to characterize the dense core and powder cloud flow of artificially released avalanches. They include measurements of velocity within the flow from optical sensors, particle size and velocity in the powder part from an ultrasonic anemometer and a snow particle counter, released, entrained and deposited snow volumes from laser scanning, positions of the avalanche front along the path from highspeed oblique terrestrial photogrammetry and the impact pressures of avalanches on a wall-like obstacle from inverse analysis, as well as the characteristics of the snow involved in the flow.
It is however clear that the experimental site has some specific limitations and, despite consistent developments over recent years, still needs to be improved.
A major intrinsic limitation of the Lautaret avalanche test site is its medium size which makes it impossible to release large avalanches with well-developed powder clouds or aerosol-type avalanches. That is why the IRSTEA-Cemagref Research Institute has preferentially developed small-scale physical simulations to study such avalanches (Beghin and Olagne, 1991; Naaim-Bouvet et al., 2002) .
Given the topography of the experimental site as well as the south aspect of the starting zones, release operations are carried out quickly after snow falls to avoid spontaneous triggering or stabilization by snow metamorphism.
A positive consequence of this is that avalanches are likely to involve a recent and rather homogeneous snow layer. This characteristic is effectively generally observed in vertical snow pit profiles obtained in the departure and runout zones from regular measurements of grain types and sizes, temperature profile and density before and after release operations. Our avalanches studied over the last 10 years have mostly been dry and cold snow avalanches, however in the context of climate change, more wet snow avalanches should be investigated. In relation to wet snow rheology, the liquid water content of snow layers at the melting point should be measured.
Taking advantage of homogeneous released snow layers, the snow rheology could be characterized by a field scissometer to investigate the snow shear resistance or a coaxial snow rheometer providing a lateral loading, to determine the cohesion and friction parameters. The obtained rheological parameters should be analyzed in relation to friction parameters obtained from the back analysis of shallow flow simulations.
Regarding avalanche dynamics, continuous Doppler radar performed since the 1980s and later the dual frequency pulsed radar measurements have been used to measure avalanche velocities (Gauer et al., 2007b; Rammer et al., 2007; Salm and Gubler, 1985; Schreiber et al., 2001) . The last developments of radar measurements have led to Frequency Modulated Continuous Wave (FMCW) phased array 5.3 GHz radars (Ash et al., 2010 (Ash et al., , 2011 internal structures in the avalanche and to track individual fronts and surges down the slope (Vriend et al., 2013) . With such a device, the point profile obtained in the middle of the flowing zone of path no. 2 could be enhanced by the spatial distribution of the surface velocity of the whole avalanche. Regarding erosion processes, laser scanner data are very useful to evaluate the spatial distribution of mass exchange. Buried FCMW radars are known to be very efficient to quantify the dynamics of the erosion process. Laser scanner data provide the erosion extent whereas FMCW radar gives the erosion rate. Moreover, a pair of such sensors could also be used to evaluate the local velocity of the avalanche.
Snow density in the avalanche flow is not measured at Lautaret. It is hoped that the system can be improved to include density measurements within the flow at a point (e.g., on the tripod structure of path no. 2). However, the question will remain as to how snow densification occurs along the path from the starting zone to the runout.
Regarding the overall acquisition system, a valuable improvement would be to make it capable of retrieving measurements from spontaneous avalanches, with automatic activation triggered by seismic sensors.
It is hoped that these quantitative and qualitative observations will improve our understanding of avalanche physics, help validate avalanche simulations and contribute to the refining of avalanche hazard mitigation strategies.
